In plants, the circadian system controls a plethora of processes, many with agronomic importance, such as photosynthesis, photoprotection, stomatal opening, and photoperiodic development, as well as molecular processes, such as gene expression. It has been suggested that modifying circadian rhythms may be a means to manipulate crops to develop improved plants for agriculture. However, there is very little information on how the clock influences the performance of crop plants. We used a noninvasive, high-throughput technique, based on prompt chlorophyll fluorescence, to measure circadian rhythms and demonstrated that the technique works in a range of plants. Using fluorescence, we analyzed circadian rhythms in populations of wild barley (Hordeum vulgare ssp. spontaneum) from widely different ecogeographical locations in the Southern Levant part of the Fertile Crescent, an area with a high proportion of the total genetic variation of wild barley. Our results show that there is variability for circadian traits in the wild barley lines. We observed that circadian period lengths were correlated with temperature and aspect at the sites of origin of the plants, while the amplitudes of the rhythms were correlated with soil composition. Thus, different environmental parameters may exert selection on circadian rhythms.
Endogenous circadian (;24-h) systems appear to be a common feature of all eukaryotic and a number of prokaryotic organisms. Circadian systems coordinate metabolism, enable organisms to anticipate predictable daily changes in the environment, and have a role in photoperiod measurement to regulate seasonality. Conceptually, a circadian system can be divided into three parts: the oscillator, input pathways, and output pathways. Oscillators are composed of interlocking positive/negative feedback loops of pacemaker elements and determine the period, phase, and amplitude of the output rhythms. The oscillators can be entrained by signals from the environment such as temperature and light changes. At the same time, built into the system is a strong temperature compensation capability that allows the oscillator to function with a period that is close to 24 h under a wide range of ambient temperatures. Output pathways regulate numerous physiological and molecular processes, including, in plants, chlorophyll biosynthesis, starch metabolism, hypocotyl growth, leaf movements, scent production, stomatal opening, photoperiodic flowering, and the expression of around 30% of the genome (Harmer et al., 2000; Nagel and Kay, 2012) .
Consistent with its wide-ranging importance in the life of a plant, there are a number of reports showing that a robust, environment-matching circadian system improves growth and may be adaptive (Green et al., 2002; Dodd et al., 2005; Ni et al., 2009; Yerushalmi et al., 2011) . A commonly used definition of an adaptation is a phenotypic variant that results in the highest fitness in a given environment, with fitness defined as the contribution of a genotype to future generations (Futuyma, 1998) . A trait, such as the amplitude of a circadian rhythm, that improves fitness under a particular environmental condition will be selected for. This selection can manifest itself as increased numbers of individuals with that particular trait in subsequent generations. Thus, if correlations are observed between different environmental conditions and certain traits, this strongly suggests that these traits are adaptive. Such correlations can potentially tell us which attributes of circadian rhythms are most important for growth and reproductive success in different environmental conditions.
Studies on Arabidopsis (Arabidopsis thaliana) accessions collected from a broad geographic range have examined correlations between circadian period length and latitude, daylength during the growing season, and altitude at the geographic site of origin. The results of such studies suggest that correlations may be complex; Edwards et al. (2005) showed that longer periods correlated with lower altitudes but not with latitude, while Michael et al. (2003) showed that longer periods correlated with longer daylength and higher latitude but not with altitude. Accessions also show differences in their ability to compensate for changes in ambient temperatures, with most, but not all, accessions showing a faster circadian clock at high temperatures (Kusakina et al., 2014) . These results suggest that properties of circadian rhythms may respond to selection forces of different conditions. However, the interpretation of these accession-dependent circadian rhythm differences is complicated by the wide range of potential environmental differences, including daylength, often coupled with a lack of precise data about the geographic sites of origin of all the accessions (Edwards et al., 2005) .
Originating in the Fertile Crescent area of the Near East, wild barley (Hordeum vulgare ssp. spontaneum) is one of the world's oldest cultivated crops (Mayer et al., 2012) . It is still the world's fourth most-produced cereal, heavily grown in northern Europe, America, and Asia, primarily for animal feed for the meat and dairy industries and also for beer (Blake et al., 2011) . Barley is increasingly being recognized as a potentially valuable high-fiber component of human diets (Collins et al., 2010) . Wild barley is the direct progenitor of cultivated, elite, and landrace barley (Hordeum vulgare ssp. vulgare), and the subspecies readily cross. The richest genetic variation is found in wild barley (Jakob et al., 2014) , which typically grows in areas with harsh environmental conditions (e.g. low water, poor soils, and heat stress). Thus, not only is wild barley a valuable natural resource, it is also a potentially useful tool for studying the adaptive significance of circadian rhythms.
A significant challenge for plant circadian researchers is developing high-throughput techniques to analyze rhythms; one approach is to use chlorophyll fluorescence. Light energy absorbed by chlorophyll molecules in plants results in singlet-state excited molecules that can return to the ground state by one of several pathways: photosynthesis (photochemical quenching), dissipation as heat (nonphotochemical quenching), or reemission as light (fluorescence; Croce and van Amerongen, 2014) . The three methods of energy dissipation are correlated; increasing the efficiency of one will decrease the yield of the other two (Maxwell and Johnson, 2000; Muller et al., 2001) . At room temperature, most fluorescence is from PSII and can be divided into prompt chlorophyll fluorescence (F; within ;2 ns [Kalaji et al., 2012] ), originating in chlorophyll molecules that have been excited directly by light or fast exciton energy transfer from other chlorophyll molecules, and delayed chlorophyll fluorescence (DF; seconds time scale). In the dark when there is no forward electron transfer, electrons trapped at the secondary electron acceptor, quinone Q B , site of PSII will flow back to the manganese cluster in an energetically uphill back electron transfer process. DF is the result of the regeneration of the excited state of the primary donor of PSII, P680, during this process (Keren et al., 1997) . DF is at least 2 orders of magnitude less intense than F but, due to its uphill energetics, is emitted for a long time after the disappearance of F. DF has been used successfully to measure circadian rhythms (Kusakina et al., 2015; Gould et al., 2009; Gawronski et al., 2014) , and recently, one of the parameters of F was shown to be under circadian control (Litthauer et al., 2015) .
The circadian system affects numerous physiological and molecular processes of ecological and agricultural importance. Here, we start to explore the potential of the circadian system for optimizing plant adaptation and responsiveness to challenging environments. We show how F may be used as a high-throughput tool to measure circadian rhythms in a range of different plant species and use it to screen wild barley populations from the Fertile Crescent. We suggest how different aspects of circadian rhythmicity may be adaptive to optimize growth in diverse environmental conditions.
RESULTS

Circadian Rhythms of F
Our first aim was to develop a high-throughput platform to measure circadian rhythms in soil-grown plants. F analysis is a powerful technique that can be used to measure the efficiency of PSII photochemistry and, by taking a range of different measurements, gauge nonphotochemical quenching and plant vitality. Recently, Litthauer et al. (2015) showed that one aspect of F (F9 q /F9 m ; Supplemental Table S1 ) is under circadian control in blue light in Arabidopsis. We explored whether other aspects of F are under circadian control and determined whether F also can reliably be used as a marker for circadian rhythms in white (blue + red) light.
Using an Open FluorCam system (see "Materials and Methods"), we assessed a number of F parameters in Arabidopsis during the transition from dark adaptation to light. Our protocol (Fig. 1A) was as follows. Plants were entrained in 14 h of light/10 h of dark (LD) at 22°C for 4 weeks before being transferred to continuous white light (LL). At 2-h intervals, the plants were given a brief period of dark adaptation and chlorophyll fluorescence was measured. This measurement, F o , is the minimum fluorescence that occurs when the reaction centers of PSII are completely open and the primary quinone acceptor is fully oxidized. Following a brief saturating pulse of white light to transiently reduce the primary quinone acceptor and plastoquinone pool, F m was measured. The saturating light pulse is too brief to initiate nonphotochemical quenching, so F m is the maximum possible fluorescence in the absence of heat dissipation. The plants were then subjected to a dark period that allowed reoxidation of the primary quinone acceptor and plastoquinone pool and then adapted to light during a period of actinic (suitable for photosynthesis) blue light, which caused the plastoquinone pool to become reduced and resulted in another peak of fluorescence, F p . After an extended period in actinic light, PSI starts to transfer electrons, the plastoquinone pool becomes reoxidized, and fluorescence decreases to a steady state, F9. At the same time, nonphotochemical quenching is activated; this could be seen when additional brief saturating pulses of light were superimposed on the actinic light regime. F m 9 is the maximum fluorescence in the light-adapted state and is lower than F m measured in the dark. Finally, the actinic light was switched off, the primary quinone acceptor and plastoquinone pool were reoxidized by a far-red light flash, and F o 9 was measured. From these measurements, a number of parameters of fluorescence can be calculated (Table I) . A comparison of the terminology for F parameters used in this article and by other researchers is given in Supplemental Table S1 . Almost all the measured and calculated F parameters showed rhythmicity (Fig. 1B) . F o , F p , F m 9, F q 9/F v 9, R fd 9, and NPQ peak during the subjective day, while F m and F v /F m peak at night. These results show that many aspects of F are rhythmic in Arabidopsis.
To confirm that the F oscillations we observed were regulated by the circadian system in Arabidopsis, we used mutants; misexpression of circadian oscillator genes affects circadian rhythms. Depending on the gene and the levels of expression, plants show longer or shorter periods or become arrhythmic (Hsu and Harmer, 2014) . We tested whether F rhythms were affected in plants that misexpressed the key oscillator Figure 1 . F parameters are rhythmic in Arabidopsis. A, F parameters measured during dark adaptation and subsequent light adaptation. B, Arabidopsis plants were entrained to LD for 4 weeks before being transferred to LL for 4 d. At 2-h intervals, the plants were given a brief period of dark adaptation (as described in "Materials and Methods") and chlorophyll fluorescence was measured using the FluorCam. F q 9/F v 9, R fd 9, NPQ, and F v /F m were calculated from the measurements described in Table I .
genes CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and the closely related LATE ELONGATED HYPO-COTYL (LHY). Figure 2 shows the results for NPQ, F p , and R fd 9 for wild-type, CCA1 null (cca1-1), CCA1 LHY double null (cca1-1 lhy), and CCA1 overexpresser (CCA1-ox) plants. All three F parameters oscillated robustly in both wild-type and cca1-1 plants ( Fig. 2A) . Consistent with previously published results (Green and Tobin, 1999; Mizoguchi et al., 2002; Lu et al., 2009 ), cca1-1 plants had significantly shorter periods of F (NPQ, 22.81 6 0.13 h; F p , 22.38 6 0.1 h; R fd 9, 22.27 6 0.08 h) than wild-type plants (NPQ, 23.22 6 0.03 h; F p , 22.72 6 0.04 h; R fd 9, 22.65 6 0.04 h). cca1-1 lhy plants showed much shorter periods (NPQ, 19.21 6 0.86 h; F p , 18.18 6 0.54 h; R fd 9, 18.18 6 0.54 h) than either cca1-1 or wild-type plants with a higher relative amplitude error (RAE; Fig. 2B ). RAE is used to assess individual rhythm robustness; values close to 0 indicate robust cycling and values at or near 1 indicate a rhythm with an error value as large as the amplitude itself (not statistically significant; Plautz et al., 1997) . CCA1-ox plants were largely arrhythmic; a few CCA1-ox individuals showed very weak rhythmicity, especially of NPQ, but none of the CCA1-ox plants had an RAE of less than 0.75, which is well above the threshold for being considered a significant circadian rhythm (Fig. 2 , B and C). Taken together, our results confirm that F rhythms are regulated by the circadian system in Arabidopsis.
F Can Be Used to Measure Circadian Rhythms in a Range of Plants
To determine whether F parameters may be used as markers for measuring circadian rhythmicity in other plants, we surveyed the C3 angiosperms petunia (Petunia 3 atkinsiana) and Coleus blumei and the C4 angiosperm maize (Zea mays). All the plants tested showed robust circadian rhythms of F parameters, including R fd 9 with low RAEs (Fig. 3) .
We also examined two barley cultivars, cv Bowman, a spring barley line, and a derived introgression line, cv Bowman(eam8), carrying a mutation at the clock gene EARLY FLOWERING3 (HvELF3; Faure et al., 2012) . Figure 3B and Supplemental Figure S1 show that cv Bowman plants exhibited clear rhythms of R fd 9 with peaks in the middle of the subjective day, but rhythms in cv Bowman(eam8) were significantly dampened ( Fig.  3B ), a result that corresponds well with the reduced amplitude of HvCCA1 expression demonstrated previously in cv Bowman(eam8) (Faure et al., 2012) . Thus, F measurements appear to be robust markers for analyzing circadian variation in intact living plants from a wide range of species.
Circadian Variation in Wild Barley Accessions
Using F measurements as a tool, we addressed the main aim of this article: examining whether and how circadian rhythms correlate with the environment. For this study, we chose to focus on barley; as we note in the introduction, barley is an important crop and wild barley shows rich genetic variation. We used the Barley 1K (B1K) collection of wild barley accessions (Hübner et al., 2009 (Hübner et al., , 2013 collected from a narrow range of latitudes, between 29°N and 33°N, in the southwestern part of the Fertile Crescent, an area with a high proportion of the total genetic variation of wild barley (Nevo, 1998; Jakob et al., 2014) . It is one of the few collections of wild barley that comes directly from the wild without long-term storage, and the germplasm has been single seed descent propagated. The plants in the B1K collection are from different ecological environments 
Empiric parameter for plant vitality
Steady-state nonphotochemical quenching in actinic light but almost identical daylength conditions (Hübner et al., 2009) , and there is detailed passport data for the sites of origin of each accession that include elevation, midday temperatures in January (MDT1) and August (MDT8), average annual rainfall (MAR), aspect, slope, soil organic matter (OM), soil bulk density (Db), and soil water content (WC). We tested 18 B1K lines representing 11 of the accession sites with the most geographic diversity to determine whether environmental conditions at their sites of origin affect circadian rhythms. The period, RAE, amplitude, and phase of NPQ, F v /F m , and R fd 9 were calculated for each line. Our results show that the lines had a range of circadian periods, RAEs, phases, and amplitudes (Table II; Fig. 4 ). For example, R fd 9 periods varied from 23.3 to 28.1 h, while NPQ periods varied between 24 and 27.1 h. F v /F m showed less period length variation (26.6-24.2 h) and was antiphasic to R fd 9, but NPQ was still robustly rhythmic. Supplemental Figure  S2 shows that period lengths for NPQ, F v /F m , and R fd 9 were correlated with Pearson coefficient correlations (r) of NPQ versus R fd 9 (0.65), NPQ versus F v /F m (0.3), and F v /F m versus R fd 9 (0.29). The lower correlation between F v /F m and the other parameters may reflect the reduced period length variation. However, our results suggest that all three F parameters are regulated Figure 2 . F rhythms are affected in plants that misexpress key oscillator genes. Wild-type (WT), cca1-1, cca1-1 lhy, and CCA1-ox plants were grown in LD for 4 weeks and then transferred to LL, and F measurements were taken every 2 h for 4 d. F p , R fd 9, and NPQ were measured and calculated. The graphs were plotted with the SE (n = 12). **, P , 0.01 and ***, P , 0.001 (Student's two-tailed t test). The experiment was carried out twice with similar results.
by the same core oscillator, although it is possible that this regulation may be via different output pathways or differentially affected by noncircadian constraints on photosynthesis.
Overall, the differences in circadian attributes strongly suggest that there is allelic variability underlying circadian trait variation in the naturally evolved wild barley populations.
Do Environmental Conditions Correspond with Different Aspects of Circadian Rhythmicity?
To start to understand how the physical environment may act as a selection force for circadian rhythms, we asked whether and how the variation in the three key circadian attributes (phase, amplitude, and period) in the B1K wild barley lines was correlated with geographic and climate variables at the sites of origin of the plants (Hübner et al., 2009 ). Our results (Figs. 2 and 3) show that F is regulated by the circadian system. However, it is possible that there are other factors affecting F patterns, such as variation in photosynthesis between the lines; therefore, to minimize, as much as possible, noncircadian effects on the circadian readout, we averaged the period and amplitude data for the NPQ, F v /F m , and R fd 9 parameters (Supplemental Table  S1 ). However, since circadian phase was parameter dependent and could not be averaged, we used the R fd 9 phase. Environmental data consisted of nine variables (elevation, MDT1, MDT8, MAR, aspect, slope, OM, Db, and WC); aspect was replaced by its north-south and east-west components. Each of the circadian attributes (average period, average amplitude, and R fd 9 phase) was subjected to full-subset linear regression modeling. The models were ranked and weighted according to the Akaike Information Criterion, corrected for small sample sizes (AICc).
The resulting averaged models provided a good fit for average period (r 2 = 0.60, P , 0.001) and average amplitude (r 2 = 0.50, P , 0.001) but less so for R fd 9 phase (r 2 = 0.27, P = 0.025; Fig. 5A ). Table III shows that the average period length of circadian rhythms in the B1K wild barley lines was correlated with the east-west aspect and MDT8. Intriguingly, the relationship between the average period and MDT8 was nonlinear; both lower and higher MDT8 values correlated with longer period rhythms (Table III; Fig. 5B ). Circadian amplitude, by contrast, correlated primarily with OM and, to a lesser extent, with MAR (Table III) . Higher amplitude rhythms were associated with a lower soil organic matter content (Fig. 5C ) and rainfall. Overall, our results demonstrate a correlation between circadian parameters of chlorophyll fluorescence and environmental variables that may be the result of selection. Litthauer et al. (2015) recently reported that F q 9/F v 9 is under circadian control in Arabidopsis in blue light, raising the exciting possibility of exploiting F as a noninvasive, high-throughput marker for circadian rhythms. Here, we have expanded on these findings and shown that the circadian system controls many other parameters of F in a range of plant species in white light. It is important to note that our protocol for F measurements was optimized for analyzing circadian rhythms and may not accurately indicate the photosynthetic capacity of the plant. Thus, for example, the 5 min of dark adaptation we used for Arabidopsis is probably not sufficient to ensure that the photosynthetic apparatus is genuinely dark adapted, but it was the length of dark adaptation that resulted in the best circadian rhythms. However, overall, measuring F is a valuable technique for understanding circadian rhythms in close-to-natural conditions or for examining the effects of stress on circadian rhythms.
DISCUSSION
Given the caveat that our F measuring protocol was optimized for measuring circadian rhythms, the various F parameters that can be measured and calculated may still indicate how the circadian system affects the status quo of plants and regulates photosynthesis. NPQ is an indirect measurement of a plant's capacity for nonphotochemical quenching (heat dissipation) of excess energy from light absorption. NPQ is highest during the middle of the subjective day (Figs. 1B and 4) , when the adverse effects of high light intensity are most likely to be experienced by plants (Ishida et al., 2014) . Although the mechanism for the circadian regulation of NPQ in barley is unclear, the principal features of NPQ appear to be conserved in all plant species and involve the xanthophyll cycle (Demmig-Adams et al., 2012). Recently, altering the levels of genes regulating NPQ was shown to have dramatic effects on plant productivity (Kromdijk et al., 2016) . In Arabidopsis, violaxanthin deepoxidase, a key regulator of the xanthophyll cycle, is under circadian control (Edwards et al., 2006; Covington et al., 2008) , and it is possible that the circadian system regulates NPQ at the level of gene expression. R fd 9 reflects the potential photosynthetic activity of the leaf and can be used as a vitality index for plants (Lichtenthaler et al., 1986; Lichtenthaler and Miehe, 1997) . R fd 9 is calculated from F v and F9 and, like the other F measurements, is affected by chlorophyll pigment levels. Both chlorophyll and chlorophyll b have been shown to be under circadian control in soybean (Pan et al., 2015) , suggesting that this may be a potential mechanism for the circadian rhythms of R fd 9 and F v /F m that we observed. In the future, it will be interesting to carry out further experiments to understand the mechanism(s) by which the circadian system controls F parameters.
Using F as a marker, we have shown that there are significant differences between B1K lines from different sites. It is possible that there is also variation between lines from the same sites; thus, while lines including B1K8 and B1K26 have similar period rhythms, others, such as B1K33, are different. In the Arabidopsis relative Boechera stricta, there can be as much variation within a population as between populations from different sites (Salmela et al., 2016) , and in the future, it will be interesting to analyze additional lines from each site to compare intersite-and intrasitespecific variation.
We have demonstrated correlations between rhythm parameters and environmental variables. In the wild barley accessions, there were significant correlations between period length and temperature and aspect (Table III; Fig. 5B ) at the site of origins of the lines. These correlations may reflect the critical role of the circadian system in regulating photoperiodic development, especially reproductive development. An early switch from vegetative to reproductive development might be an escape mechanism to allow flowering before local conditions become too hot. Our observation that the correlation between period length and MDT8 was not linear in the B1K lines suggests that the relationship may be complex. In general, the region has hot, dry summers and cooler, wet winters. In areas with low MDT8, the winters are much colder and longer, and in areas with high MDT8, the very hot summer conditions start early. The longer period at both high and low MDT8 might reflect a constricted growing season at both extremes. Consistent with the idea that temperature at the site of origin may be a selection force on photoperiodic flowering, strong correlations between flowering time and MDT1 have been reported for the B1K lines (Hübner et al., 2013) . Although in our experiments we measured circadian rhythms in constant light and in natural conditions plants grow under daily light/dark (diel) conditions, it is possible that the differences we observed in period length may affect the expression of photoperiod components in diel conditions. For example, the evening-expressed HvELF3 represses the floral promoters GIBBERELLIN20 OXIDASE2 and FLOWERING LOCUS T (Faure et al., 2012; Boden et al., 2014) ; thus, plants with long period rhythms and delayed HvELF3 expression may show accelerated flowering. However, under diel conditions, the regulation of photoperiod components can be complex, since rhythms are modified by light signals (de Montaigu et al., 2015) .
The correlation between period and temperature and aspect also may be related to nonreproductive causes; links have been suggested between circadian period and the environment and growth rate. B. stricta plants growing at higher elevations have shorter period rhythms that are associated with more rapid growth, a trait that the authors suggest may beneficial at sites with shorter growing seasons (Salmela et al., 2016 ). Studies also have tested the correlations between period length and growth under different temperatures; in both Brassica rapa and Arabidopsis accessions, circadian period was shorter at higher temperatures (Lou et al., 2011; Kusakina et al., 2014) . Intriguingly, Arabidopsis accessions with circadian systems that were more poorly buffered against temperature showed greater increases in growth at higher temperatures, indicating that having a flexible oscillator may be advantageous (Kusakina et al., 2014) . It has been suggested that a faster clock at high temperatures may enable plants to shift temperaturesensitive activities to earlier in the day. However, the nonlinear correlation between period and temperature suggests that, at least for the plants we analyzed from the B1K collection, the relationship is more complex; period length may be determined by an intricate balance between the requirements for growth, metabolism, and development.
By contrast with circadian period, our results suggest that circadian amplitude correlated with soil conditions, specifically the percentage of organic matter (Table III; Fig. 5C ). Although at this stage we cannot rule out the possibility that the amplitude differences may be affected by variations in photosynthetic capacity between the lines, we suggest that it is possible that plants with high amplitude rhythms grow better and are selected for under challenging environmental conditions. We have reported previously that, in Arabidopsis, when plants are grown under stressful high-density conditions, the next generation has higher amplitude rhythms, suggesting that the stressful conditions may select for amplitude (Yerushalmi et al., 2011) . Supporting the idea that the selective force of the environmental conditions may impact different aspects of barley growth and development, Db at the site of origin is strongly correlated with plant size but not with flowering time in the B1K wild barley lines (Hübner et al., 2013) .
Our results raise the possibility that circadian amplitude may be a target for optimizing crop plant growth and yield. Consistent with this idea, Ni et al. (2009) have shown that increased productivity arising from hybrid vigor may be at least partially caused by an increase in the circadian amplitude of key regulatory genes. However, seemingly paradoxically, several studies have associated the loss of circadian amplitude with domestication and the spread of crops, such as in tomato (Solanum lycopersicum; Muller et al., 2016) and some barley cultivars (Faure et al., 2012) , and mutations in the rice (Oryza sativa) GIGANTEA gene cause a reduction in the amplitude of gene expression in day/night conditions without adverse effects on photosynthesis and growth (Izawa et al., 2011) . Clearly, plants with lower amplitude rhythms can thrive. We suggest, though, that while such plants may perform well under the optimal or close-to optimal conditions of modern agriculture, having a higher amplitude rhythm may still confer an advantage when conditions are less than ideal.
CONCLUSION
The world is facing pressure to produce more food for an increasing population with less suitable agricultural land and under conditions of changing climate. Although the circadian system regulates numerous physiological and molecular processes of agricultural and ecological importance, remarkably little is known about how the circadian clock affects plant-environment interactions in major crop plants (Bendix et al., 2015) . Our results suggest how the circadian system may be an important target for optimizing plant growth and yield under potentially stressful conditions. 
MATERIALS AND METHODS
Plant Materials and Growth
For the Arabidopsis (Arabidopsis thaliana) experiments, wild-type, CCA1-ox, and cca1-1 lhy (SALK_031092) plants in the Columbia ecotype were used (Wang and Tobin, 1998; Yakir et al., 2009 
Circadian F Analysis
F measurements were done with a customized Open FluorCam system and a growth chamber supplied by Photon System Instruments. The growth chamber does not control humidity or CO 2 concentration. The FluorCam system uses the pulse-amplitude-modulated mode technique to measure the Kautsky effect (Nedbal et al., 2000) . The barley plants that had been grown in short days were transferred to LD at 22°C for 5 d of entrainment. All plants were acclimated in the FluorCam chamber for at least 1 d of LD before switching to LL (200 mE m 22 s 21 , 50% red [615 nm] and 50% blue [450 nm]). At 2-h intervals, barley plants were given 15 min of dark adaptation (all other species were given 5 min of dark adaptation), and then the sequence of F was imaged. We used four to six plants for each line and visually selected three areas on each plant for imaging. The selected areas were checked to ensure that they remained fully focused on the plant during the course of the experiment. For the F measurements, blue (450 nm) actinic light (200 mE m 22 s
21
) was used to drive photochemistry. F emission was induced by saturating flashes of 2,250 mE m 22 s 21 from cool-white 5700K light-emitting diodes. The far-red light flashes were provided by 735-nm light-emitting diodes. Fluorescence images were captured by a 512-3 512-pixel CCD camera. Results were analyzed using the FluorCam7 software package from the manufacturer. Data were imported into the Biological Rhythms Analysis Software System (available from http://www.amillar.org), and the period, RAE, phase, and amplitude of the rhythms were analyzed with the FFT-NLLS suite of programs, as described previously (Plautz et al., 1997) .
Data Analysis
Environmental data consisted of nine variables (Table III) . Aspect, being a circular variable, was replaced by its north-south and east-west components, calculated by taking the cosine and sine of the angle, respectively. All environmental variables were standardized prior to subsequent analyses. To resolve issues of multicollinearity, variables were removed sequentially until the variance inflation factor (VIF) of all remaining variables fell below 3 (Zuur et al., 2010) . Variables in order of removal were north-south, elevation, slope, MDT1, and Db.
Each of the three clock attributes (average period, average amplitude, and R fd 9 phase) was subjected to full-subset regression modeling. To allow for nonlinearities, the global model included a second polynomial term for each of the variables but no interactions. The models were ranked and weighted according to their AICc scores. Averaged (with shrinkage) coefficients and relative variable importance were calculated for all models with AICc , 2 using the MuMin package (Barton, 2015) . The quality of the averaged model was evaluated by correlating the observed and expected responses (clock attributes). R was used for all statistical analyses (R Core Team, 2014) .
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . R fd 9 is rhythmic in cv Bowman barley.
Supplemental Figure S2 . Correlations between the three F parameters used in the B1K screen.
Supplemental Table S1 . Comparison of the terminology for chlorophyll fluorescence parameters.
